For bats, when secondary sexual dimorphism is significant, females typically are larger than males. Moreover, in mammals, variation in the degree of sexual dimorphism often follows an allometric relationship whereby differences vary with body size (Rensch's rule). We examined sexual dimorphism across the New World clade of Myotis regarding species-specific and clade-wide patterns of body, cranium, and wing size, Rensch's rule and degree to which such morphological variation is related to phylogeny. Size differences were common with significant cases of both male-biased and female-biased sexual dimorphism. In more than half the cases, females were larger than males. Variation in degree of dimorphism exhibited an allometric pattern. Nonetheless, slope of the relationship between size and degree of dimorphism was no different from unity (i.e., isometry), failing to support Rensch's rule. There was a strong and significant relationship between phylogeny and morphological variation but not between phylogeny and degree of dimorphism. Patterns suggest that differences between males and females enhance aerodynamic capabilities of females whereby larger mothers can overcome constraints on flight due to the mass of large fetuses and newborns.
Sexual dimorphism in mammals in general, and bats in particular, has received much attention. Bats are particularly interesting because they typically (with the exception of MolossidaeRalls 1976) exhibit dimorphism whereby females are larger than males. A common pattern related to secondary sexual dimorphism is Rensch's rule (Rensch 1960 ) that describes an allometric pattern of size difference between sexes whereby in smaller species females are larger than males and in larger species males are larger than females. Another way of expressing this is that when males are the larger sex, larger species exhibit larger differences between sexes (hyperallometry) and when females are the larger sex, larger species exhibit smaller differences between sexes (hypoallometry). In fact, hyper-and hypo-allometry represent 2 ends of the same spectrum (Colwell 2000) . Such a pattern has been described for a number of taxa, in particular for birds and reptiles (Fairbairn 1997) . It has also been described in Mammalia (Frynta et al. 2012; Sibley et al. 2012; Bidau and Medina 2013) . Typically, such a relationship is theoretically expressed as correlated phenotypic variation between sexes responding to selection for greater size of one of those sexes (Abouheif and Fairbairn 1997) . Nonetheless, a better theoretical understanding of the mechanisms underlying Rensch's rule has been stymied by a paucity of data on the relationship where females are larger than males (Herczeg et al. 2010) .
Although sexual dimorphism is common, never has such an interspecific allometric relationship been examined in bats (although see Wu et al. 2014 for an intraspecific case). Unlike theory underlying Rensch's rule, theory used to explain dimorphism in bats typically suggests that large female size is selected for so as to enhance reproductive success or enhance mobility during late stages of pregnancy (i.e., 'Big Mother' hypothesis-Ralls 1976) . Given this contrast, bats represent an ideal group to test the generality of Rensch's rule, in particular in the hypoallometric region of this relationship where little data exist. Moreover, the bat phenotype has at least 3 suites of characteristics with substantive functional significance. First, body size has implications to numerous aspects of the ecology and physiology of species (Peters 1983; Brown and Maurer 1989) . Second, wing morphology is very important for mobility (Norberg and Rayner 1987) . Third, cranial morphology reflects trophic ecology (Stevens 2005) . Here, we examine Rench's rule for these characters for the bat genus Myotis.
The New World clade of the vesper bat genus Myotis represents an ideal group from which to examine phylogenetic patterns of phenotypic evolution in general and patterns of sexual dimorphism in particular. Myotis is the second-most species rich mammalian genus in the world (Wilson and Reeder 2005) . Such diversity resulted from a recent (~13 Ma BP) burst of diversification that resulted in more than 100 species and an almost global distribution. Myotis probably invaded the New World ~12 Ma BP and the New World clade has diversified rapidly to more than 35 species (Stadelmann et al. 2006) . Indeed, this taxon represents a recent and important contributor to New World diversity gradients (Stevens 2004) . Understanding diversification of megadiverse taxa such as Myotis has been one of the most vexing issues in contemporary evolutionary biology. Herein, we characterize secondary sexual size dimorphism from phenotypic perspectives of: overall size, size of the cranium, and wing size. We examine species-specific significance and significance for the clade overall in terms dimorphism of these 3 characteristics. We evaluate the veracity of Rensch's rule for New World Myotis and determine the degree to which morphological variation as well as degree of dimorphism is related to phylogeny.
Materials and Methods
Six hundred and eleven individuals of Myotis were measured from 9 large North American collections (American Museum of Natural History, Field Museum of Natural History, Natural History Museum of University of Kansas, Louisiana State University Museum of Natural History, Museum of Southwestern Biology-University of New Mexico, Royal Ontario Museum, Sam Noble Museum of Natural History, U.S. National Museum of Natural History, and the Texas Cooperative Wildlife Collection-Texas A & M University). Analyses were conducted on adults. Age was determined by examination of long bone epiphyses of the wing (Brunet-Rossinni and Wilkinson 2009). For these analyses, total length was collected from the skin tag, and forearm length and greatest length of skull were measured directly from the specimen. All measurements were natural 'log' transformed before analyses.
To test for significant species-specific dimorphism, we used a t-test (Sokal and Rohlf 2011) for each of the 3 characters for each species. We conducted a Levene's test (Levene 1960) to examine assumptions of homoscedasticity comparing sexes of each species. Given heteroscedasticity, t-tests were based on individual and not on pooled variances (Sokal and Rohlf 2011) . We used a Bonferroni sequential adjustment (Rice 1989 ) when interpreting differences.
We also conducted a meta-analysis (Koricheva et al. 2013 ) to test for overall significance of dimorphism based on the t-statistic. For each taxon, a t-statistic describing the relative difference between males and females was determined. Typically, these could be used to test for overall significance based on a 1-sample t-test (Sokal and Rohlf 2011) with the H 0 that t = 0. Nonetheless, the 3 distributions of the t-statistic for total length, forearm length, and greatest skull length (each distribution with n = 36 species) were not normal (see Fig. 2 ), an assumption of the 1-sample t-test. To test the H 0 that t = 0, we bootstrapped each distribution of t-values and calculated the median 1,000 times. Because t-values lacked normality, the median and not the mean was used to characterize the center of the distribution. If zero fell outside the middle 95% of the bootstrapped distribution of medians, then we concluded that the relative difference between males and females as characterized by t did not equal zero. To test Rensch's rule, we conducted major axis regression analysis based on a routine written for Matlab (Trujillo-Ortiz and Hernandez-Walls 2010). In particular, Rensch's rule predicts a nonzero slope that is significantly different from one. This was tested by examining if the 95% confidence interval for the slope did not equal either of these 2 values.
To test for phylogenetic correlation of interspecific morphological variation and degree of sexual dimorphism, we conducted a phylogenetic regression. We began with the phylogeny of Stadelmann et al. (2006) . Pairwise phylogenetic differences were calculated in MEGA6 (Tamura et al. 2013 ) using the Kimura 2-parameter (Kimura 1980 ) substitution model from cytochrome b sequences available on Genbank (Supporting Information S1). From the distance matrix, we determined phylogenetic axes based on a principal coordinates analysis (Legendre and Legendre 1998) retaining those axes that accounted for more variation than the average to use in the regression. We used forced entry multiple regression to examine whether phylogeny significantly accounted for morphological variation (mean log-transformed morphological measures for each species) and degree of sexual dimorphism among taxa (difference between female and male log-transformed means for each morphological measure for each species). Phylogenetic principal coordinates were independent variables and logtransformed total length, forearm length, and greatest skull length or the differences thereof between males and females were single dependent variables in 6 separate tests. We minimized inflated type 1 error rates by applying a Bonferroni sequential adjustment (Rice 1989) .
results
Taxa exhibited much morphological variation (Appendix I) and varying degrees and directions of dimorphism. For total length (Fig. 1) , approximately half (19 of 36) of the taxa had t-values above 0 (i.e., females larger than males). This proportion was larger for forearm length and greatest skull length (Fig. 1) . Based on individual t-tests, 3, 9, and 4 taxa exhibited significant (P < 0.05) differences between males and females based on total length, forearm length, and greatest skull length, respectively. This was reduced to 1, 2, and 0, respectively, after consideration of a Bonferroni sequential adjustment (Rice 1989) . Overall significance based on consideration of corrected individual tests complicates interpretation because such a practice is overly conservative and does not directly address an overall difference. The meta-analysis did and indicated that the distribution of bootstrapped medians for total length and greatest skull lengths overlapped zero, whereas the bootstrapped distribution of medians for forearm length was significantly greater than zero (Fig. 2) . Thus, overall, female Myotis are significantly larger than males based on forearm length but not total length or greatest skull length.
We found no evidence to support Rensch's rule (Fig. 3) . In all 3 cases, while the 95% confidence interval around the slope did not include 0, it did include 1. Thus, the relationship between male and female size is positive and directly proportional but differences between the sexes do not change with increased size.
Much of the variation in average morphological characteristics could be accounted for by phylogenetic distance (Table 1) . Phylogeny accounted for between 65% and 71% of the variation among species with total length exhibiting the strongest relationship and greatest skull length exhibiting the weakest relationship. Differences between males and females exhibited no significant phylogenetic structure based on any of the 3 morphological characteristics (Table 1) .
discussion
Despite overall trends toward female-biased secondary sexual size dimorphism, there is limited significant support for differences between males and females. Of the 3 phenotypic characteristics examined, the best support comes from forearm length, an important determinant of wing size. The allometric relationships between log male size and log female size were always linear with a slope no different than 1. Thus, no support for Rensch's rule exists across any of the 3 phenotypic perspectives. Phenotypic variation was substantively related to phylogeny, whereas the difference between males and females exhibited no phylogenetic signal across all 3 phenotypic characteristics.
This study joins a number of recent others that have come to question the veracity of Rensch's rule (de Lisle and Rowe 2013; Cheng and Kuntner 2014; Colleoni et al. 2014; Guillermo-Ferreira et al. 2014; Hirst and Kiorboe 2014; Lu et al. 2014) , especially for the hypoallometric portion of the proposed relationship (where female size consistently exceeds , and greatest skull length (right). Gray line represents a t-value expected under the null hypothesis (no difference between sexes) but also denotes a threshold of dimorphism; t-values below zero indicate larger males than females, whereas t-values above zero indicate larger females than males. Gray dots indicate significant difference before a Bonferonni sequential adjustment (Rice 1989) .
Fig. 2.-Distribution of empirical (main figures) and bootstrapped (inset) t-values from perspectives of total length (left), forearm length (middle)
, and greatest skull length (right). If the middle 95% of the distribution of bootstrapped t-values does not overlap zero, then we rejected the null hypothesis of no difference overall between sexes (H 0 : t = 0). male size). Indeed, a number of studies verify that differences between males and females increase with increased size, when males are the larger sex (Colwell 2000; Cox et al. 2007; Szekely et al. 2004; Stephens and Wiens 2009) . Nonetheless, much more mixed and limited support comes for hypoallometry (Blackenhorn et al. 2007; Webb and Freckleton 2007; Herczeg et al. 2010; Ceballos et al. 2013; Liao et al. 2013 ). The mechanism most often proposed to cause differences between sexes in general and those underlying Rensch's rule in particular is selection on male size, even in the hypoallometric portion of the relationship (where selection is for reduced male size) where females are larger than males (de Lisle and Rowe 2013). Nonetheless, there are many reasons why larger size in females is adaptive, many of which have to do with fecundity selection (Prenter et al. 1999 ). For example, in bats increased size may reduce the proportionate load of the fetus or newborn, reduce wing loading, allow a larger quantity of food to be carried in the stomach, and reduce the relative cost of milk production (Myers 1978 ) Thus, one reason that Rensch's rule may not apply to bats, or at least Myotis, is that large females are likely the product of selection on females to be large and not selection on males to be small.
Another reason why Rensch's rule may not apply in general is because different mechanisms may give rise to dimorphism for different reasons. For example, for males selection is often for larger overall size. Such increases allow males better access to females (Clutton-Brock 1989) through female choice (Ralls 1977) , the ability to fend off smaller males (Clutton-Brock 1982) , or the ability to subdue smaller females (Arnqvist 1992) . In contrast, in many cases, female-biased dimorphism involves traits much more specific than overall size. For example, in Sturnira lilium and Artibeus lituratus, wing elements responsible for shape of the flight apparatus are different in males and females so as to enhance performance during pregnancy (de Camargo et al. 2012; Stevens et al. 2013) . Moreover, a number of interspecific comparisons have revealed female-biased dimorphism across taxa involving many different characters (Willig and Hollander 1995; Lopez-Gonzalez and Polaco 1998; Gaisler and Zukal 2004; Dietz et al. 2006) . Thus, mechanisms underlying the selection for larger size may largely be different for males and females and for this reason Rensch's rule may not be general across species and thus does not describe allometry of dimorphism across the entire range of sizes. Lastly, we cannot ignore possibilities that Rensch's rule does not apply at the scale of within-genus variation or that bats are small and variation across Myotis is narrow and perhaps does not demonstrate enough variability to allow detection of a significant trend.
Unlike a lack of support for Rensch's rule, our results do provide support for the Big Mother hypothesis (Ralls 1976; Myers 1978; Lopez-Gonzalez and Polaco 1998; Bornholdt et al. 2008; de Camargo and de Oliveira 2012; Stevens et al. 2013 ), especially as it applies to flight performance. According to this hypothesis, larger size of females confers at least 2 advantages. The first is that females can allocate more resources to development and rearing of offspring. The second is that the relatively large fetus of bats presents aerodynamic challenges that Fig. 3 .-Major axis regressions between males and females based on perspectives of total length (above), forearm length (middle), and greatest skull length (below). b up , b, and b dn refer to the upper confidence limit, estimate, and lower confidence limit of the slope. Rensch's rule would be indicated by a lower confidence limit that is greater than 1.
are overcome by larger size in females. Of the 3 morphological characteristics we examined, forearm length exhibited the most frequent female size bias. Only forearm length exhibited significant sexual dimorphism overall. Larger wings in females are adaptive because they allow greater aerodynamic demands to be overcome during late pregnancy or shortly after parturition when offspring are carried. One expectation might be that notwithstanding the particular phenotypic characteristic experiencing selection for differences between males and females, dimorphism should be translated across numerous aspects of the phenotype through allometry. This may not be the case for Myotis, for only one of the 3 examined characteristics exhibited significant dimorphism. Although we measured only a single aspect of 3 different modules of the Myotis phenotype, and some of these samples were relatively small, it does not appear that there is strong integration across the phenotype in terms of size dimorphism. Moreover, examination of Fig. 1 indicates that positions of species in each of the 3 ranking schemes were very different suggesting no real relationship among characters in terms of dimorphism. Lack of correlated dimorphism across the phenotype indicates 2 things. First, it is not the product of selection for overall larger size in females. If so, all characteristics would exhibit dimorphism. Second, dimorphism in forearm length and not other characteristics further distinguishes unique effects related to the Big Mother hypothesis.
Lack of pattern of dimorphism is most strongly reflected in results from the phylogenetic regression. Despite the significant phylogenetic regression among taxa regarding forearm length, greatest skull length, and body size, no significant phylogenetic regression existed regarding degree of dimorphism. Indeed, female size bias appears to be quite labile across the phylogeny of Myotis. Such a result agrees with the conclusions of Willig and Hollander (1995) that once differentiation occurs at the species level, sexual dimorphism is no longer constrained and, therefore, shows no phylogenetic pattern. Such a conclusion begs several questions, however. First, is the cause of female size bias general but idiosyncratic in its effect regarding the identity of the species involved? In contrast, are mechanisms underlying dimorphism different and numerous across taxa thereby creating no general pattern? Typically, examination of sexual dimorphism in bats has focused on one or a few taxa or focused on many but not within a phylogenetic context. More comparative studies are much needed to better understand the context dependence of secondary sexual size dimorphism in bats.
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